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Understanding mode-specific dynamics in the
local mode representation

Hongwei Song * and Minghui Yang

Mode specificity is a main characteristic of transition state control of reaction dynamics. The normal

mode representation has been widely employed to describe the mode specificity in elementary

chemical reactions. However, spectroscopists have demonstrated that the local mode representation

has advantages in analyzing the overtone and combination band spectra. In this work, the mode-specific

reaction dynamics between the hydrogen atom and the molecules H2S and H2O is studied using a

full-dimensional quantum scattering model in the (2 + 1) Radau–Jacobi coordinates. The mode specifi-

cities in the reactions that violates our physical intuition in the normal mode representation are well

rationalized in the local mode representation. The energy flow between different XH bonds resulting

from the intramolecular interaction and/or intermolecular interaction is unveiled, together with its

impacts on dynamics of the abstraction and exchange reactions.

I. Introduction

An activated chemical reaction is usually controlled by the
transition state.1 One main characteristic of transition state
control of reaction dynamics is so called mode specificity,
namely the dependence of reactivity on the excitation of different
reactant vibrational modes. Studying mode specific dynamics of
elementary bimolecular reactions would advance understanding
of intrinsic nature of chemical reactions and provide theoretical
and experimental foundations for controlling and utilizing the
reactions.2–4 Thanks to the rapid development of laser techniques,
it has nowadays become feasible to prepare reactant molecules in
a single quantum state to investigate mode specificity and bond
selectivity.5–11

The normal mode representation has been widely employed
to describe molecular vibrational motions, in which each
normal mode acts like a simple harmonic oscillator and
behaves as a concerted motion of many atoms. The mode
specificity in molecular reaction dynamics is unsurprisingly
reported in the normal mode representation.12–19 In this
regard, comprehensive studies have proved that fundamental
excitations of the symmetric and/or antisymmetric stretching
modes of the reactants H2O/CH4 promote remarkably the
reactivity of the reactions X + H2O/CH4 (X = H, F, O(3P), Cl
and OH) while excitation of the bending mode leads to a weaker
enhancement effect.20–42 This can be easily understood by
considering the coupling between the reactant normal mode

vector and the reaction coordinate vector at the transition state,
as has been implemented by the sudden vector projection
model.15 However, Fu et al.32 demonstrated that for the
H + H2O - H2 + OH reaction first overtone excitation of the
symmetric stretching mode (200) of the reactant H2O promotes
the reactivity much more than excitation of the antisymmetric
stretching mode (002) while the efficiency of exciting the state
(200) on promoting the reaction is comparable to exciting
the combination band (101). These dynamical features in the
H + H2O - H2 + OH reaction obviously violate one’s physical
intuition since the concerted motions of the two hydrogen
atoms in the two stretching modes are expected to have similar
dynamics effect. Impressively, they pointed out that (200) and
(101) states in the normal mode notation correspond to the
(200) and (200) states in the local mode notation and attempted to
rationalize these dynamical features in the local representation.32

Very recently, Zhang’s43 and Guo’s44,45 groups investigated the
state-to-state dynamics of the prototypical H + H2O - H2 + OH
reaction and argued that the vibration energy deposited in the
spectator bond OH of H2O is sequestrated during the reaction,
indicating a good local mode character of the reactant H2O.

Although the concept of the normal mode is really ingrained
in describing molecular vibrations, it has been demonstrated
in the past several decades that the local mode representation
has advantages in analyzing the overtone and combination
band spectra, especially for X–H vibrations.46 In the local
mode representation, the stretching vibration are described
by anharmonic oscillators localized on individual X–H bond
with harmonic inter-bond coupling. In association with the
aforementioned dynamics behavior in the H + H2O reaction,43,44

it prompts us to study mode-specific dynamics in the local
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mode representation. The local mode treatment would provide
a new perspective to understand reaction mechanisms of
elementary chemical reactions.

In this work, time-dependent quantum wave packet calcula-
tions will be carried out to study the reaction dynamics between
the hydrogen atom and the molecules H2S and H2O. The
reactants H2S and H2O are both typical local mode molecules
and the local mode character of H2S is slightly stronger than
H2O. The aim in this paper is twofold: (1) gain a comprehensive
understanding of the mode specificity in elementary chemical
reactions involving typical local mode molecules; (2) unveil the
influence of the intramolecular interaction and/or the inter-
molecular interaction on the dynamics of reactions between the
hydrogen atom and the molecules H2S and H2O. The accurate
ab initio-based global potential energy surfaces (PESs) developed
by Li et al.47 for the H3O system and by Lu et al.48 for the H3S
system are employed in the dynamics calculations. They are both
generated by fitting a large number of data points sampled over
a relevant configuration space using the permutation invariant
polynomial-neural network method.47,49 Although the PES of the
H3O system used in this work is different from the YZCL2 PES50

employed by Fu et al., they are, however, expected to give
consistent dynamic results.47,51 Thus, we do not repeat the
calculations on the H + H2O reaction and yet carry out further
dynamics calculations in the (2 + 1) Radau–Jacobi coordinates to
explore the effect of the intramolecular interaction and/or the
intermolecular interaction on the reaction dynamics. Schematic
diagrams of the reaction paths for the two reactions are shown in
Fig. 1. Both of the two reactions proceed through two reaction
channels: abstraction channel and exchange channel. For the
abstraction channel, the H + H2S reaction presents an early
barrier while the H + H2O reaction has a late barrier. The paper
is organized as follows. Section II outlines the theoretical
methodologies on the quantum dynamics and the local mode

representation, followed by results and discussions in Section III.
The conclusions are supplied in Section IV.

II. Theory
IIA. Quantum dynamics

In order to introduce the local mode representation, the (2 + 1)
Radau–Jacobi coordinates are employed. Fig. 2 depicts (2 + 1)
Radau–Jacobi coordinates, in which r is the distance from the
center of mass (X) of BCD to the atom A, r1 and r2 are the distances
from the canonical center (O) to the atoms A and B, respectively.

The canonical center is defined by OY
�!��� ���2¼ jZY j � jXY j, where Y is

the center of mass of BC. The full-dimensional Hamiltonian in
the reactant (2 + 1) Radau–Jacobi coordinates can be written as
(h� = 1 thereafter):

Ĥ ¼ � 1

2mr

@2

@r2
� 1

2mr1

@2

@r12
� 1

2mr2

@2

@r22
þ

Ĵtot � Ĵ
� �2

2mrr2

þ ĵ1
2

2m1r12
þ ĵ2

2

2m2r22
þ V̂ r; r1; r2; y1; y2;jð Þ;

(1)

where mr, mr1
and mr2

are reduced masses and defined as

mr ¼
mA mB þmC þmDð Þ
mA þmB þmC þmD

, mr1
= mB and mr2

= mC. ĵ1 is the angular

momentum operator with respect to r1, ĵ2 is the angular momen-
tum operator with respect to r2, and Ĵ = ĵ1 + ĵ2 is the angular
momentum operator of BCD. Ĵtot denotes the total angular
momentum operator of the system. V̂ is the potential energy
operator of the system.

The parity e adapted wave function is expanded as:

cJtotMe ~r;~r1;~r2ð Þ

¼
X

n;n1;n2; j;K

CJtotMe
nn1v2 jKu

n1n2
n ðrÞfn1ðr1Þfn2 r2ð ÞFJtotMe

jK ~r; r̂1; r̂2ð Þ;

(2)

where n represents the translational basis index, n1 and n2 are
the vibrational basis indices along the radical coordinates r1

and r2 and the composite index j denotes ( j1, j2, J). M is the
projection of the total angular momentum on the space-fixed
z axis and K is its projection on the body-fixed (BF) z axis.

Fig. 1 Schematic diagrams of the reaction paths for the H + H2S and
H + H2O reactions. Energies are given in eV.

Fig. 2 The six-dimensional reactant (2 + 1) Radau–Jacobi coordinates for
the A + BCD reaction.
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The BF z axis is defined along the coordinate r. The depen-
dence of the translational basis function un1n2n on n1 and n2

is caused by the employment of an L-shaped grid.52 In the
calculations, un1n2n is chosen as sine functions, fvi

are constructed
from the corresponding one-dimensional (1D) reference Hamil-
tonians that are defined as

ĥiðriÞ ¼ �
1

2mri

@2

@ri2
þ V refðriÞ; i ¼ 1; 2 (3)

where V ref(ri) are the corresponding 1D reference potentials
along the coordinates ri with the other coordinates fixing at the
equilibrium geometry in the reactant asymptote. F JMe

jK in eqn (3)
is the parity-adapted total angular momentum eigenfunction in
the BF frame, which can be expressed as

FJtotMe
jK ¼ 1þ dK0ð Þ�1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Jtot þ 1

8p

r

� DJtot�
K ;MYJK

j1 j2
þ eð�1Þj1þj2þJþJtotDJtot�

�K;MYJ�K
j1j2

h i
;

(4)

where DJtot
K;M is the Wigner rotation matrix.53 YJK

j1 j2
is defined as

YJK
j1j2
¼
X
m

DJ�
Kmð0; y2;jÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j1 þ 1

4p

r
j2mj10 j Jmh iyj2mðy1; 0Þ (5)

and yj2m denotes the spherical harmonics. Note the restriction

that e(�1) j1+j2+J+Jtot = 0 for K = 0 in eqn (4).
The centrifugal-sudden (CS) approximation54,55 is widely

employed in the quantum scattering calculations due to the
significant reduction of the computational cost. It has also
been proved to work well in bimolecular reactions with well-
defined barriers.35,56–60 Under the CS approximation, the

centrifugal term in the Hamiltonian, Ĵtot � Ĵ
� �2

, is given by

FJtotMe
jK

D ��� Ĵ tot � Ĵ
� �2

FJtotMe
j0K 0

��� E

� djj0dKK 0 Jtot Jtot þ 1ð Þ þ JðJ þ 1Þ � 2K2
� �

:

(6)

The initial wave packet |ji is constructed as the direct
product of a localized Gaussian wave packet along the scattering
coordinate and a specific rovibrational state of the reactant BCD in
the BF representation:

jj i ¼ 1

pd2

	 
1=4

e� r�r0ð Þ2=2d2 e�ikir n0J0t; Jtotej i; (7)

where r0 and d are the mean position and width of the Gaussian
wavepacket and ki is the mean momentum given by Ei via

ki ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2mrEi

p
. n0, J0 and t denote the initial vibrational quantum

number, the initial angular momentum quantum number and the
parity of the reactant BCD, respectively. The eigenstates of the
reactant BCD are obtained by diagonalizing the three-dimensional

Hamiltonian:

Ĥ ¼ � 1

2mr1

@2

@r12
� 1

2mr2

@2

@r22
þ ĵ1

2

2m1r12
þ

Ĵ � ĵ1
� �2
2m2r22

þ V̂ r ¼1; r1; r2; y1; y2 ¼ 0;j ¼ 0ð Þ:

(8)

The second-order split-operator method was employed in
the propagation.61 To prevent artificial boundary reflection
from the end of the numerical grid, the negative imaginary
absorbing potentials D are applied at the grid edges:

DðxÞ ¼ �ia x� xa

xmax � xa

	 
n

; (9)

in which x = r, r1 and r2, xa is the starting point of the absorbing
potential.

The total reaction probability from a specified initial
ro-vibrational state of BCD is calculated using the flux formula:

PJtote
n0J0tðEÞ ¼ cþi ðEÞ

� ��F̂ cþi ðEÞ
�� �

(10)

where F̂ is the flux operator. The energy-dependent scattering
wavefunction, c+

i (E), is obtained by Fourier transforming
the time-dependent wavefunction at the dividing surface in
the product channel. The integral cross section (ICS) from the
initial state is obtained by summing the reaction probabilities
over all relevant partial waves:

sn0J0t Ecð Þ ¼
1

2J0 þ 1ð Þ
p

2mREc

X
K0e

X
Jtot�K0

2Jtot þ 1ð ÞPJtote
n0J0tK0

Ecð Þ:

(11)

In this work, the reaction probabilities for non-zero partial
waves are calculated under the CS approximation. Since we are
only interested in the vibrational mode specificity, no rotationally
excited reactant is considered. Ideally, the reactive flux should be
collected at two dividing surfaces corresponding to the cleavage
of the two bonds in the reactant. Considering the indistinguish-
ability of the two hydrogen atoms and thus the same possibility
of cleavage, we just collect the reactive flux from one bond.
Note that the two bonds are both allowed to be broken in the
theoretical simulation. The reaction probability from a specific
initial state is doubled when calculating the corresponding ICS.

IIB. Local mode representation

In the local mode representation, the symmetry-adapted local
mode bases for triatomic XY2 molecule are defined as follows:46

nm�
�� �

¼ 2�
1
2ð nmj i � mnj iÞ nom

nmþj i ¼ nmj i; n ¼ m

; (12)

in which the first and second quantum numbers in the bracket
refer to excitations of the two XY bonds, respectively. In the
(2 + 1) Radau coordinates describing the reactant XY2 (BCD in
Fig. 2), |nmi can be approximate to the direct product of
eigenfunctions of the 1D reference Hamiltonians, i.e.,

|nmi = fn(r1)fm(r2). (13)
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Because the atom X (X = S, O) is much heavier than the atom Y
(Y = H) in this work. Apparently, the local mode representation
is suitable to describe excitations of the symmetric and anti-
symmetric stretching modes. The obtained eigenfunctions |jii
of the three-dimensional Hamiltonian of BCD are expressed as

jij i ¼
X
nmj

cnmj nmjj i ¼
X
nmj

cnmcj nmj i jj i; (14)

in which j denotes the angular basis index. Thus, the square of
the coefficients |cnm|2 is calculated by summing the square of
cnmj over all angular bases. If one is only interested in the
excitations of the stretching modes and in this case the reactant
is always in the ground state of the bending mode, the ith
eigenfunction is expanded in terms of the local mode wave-
function |nmi as

jij i ¼
X
nm

cnm nmj i nb ¼ 0j i; (15)

in which nb denotes excitation in the bending mode. The
angular distribution of |jii can be reasonably considered to
be the same as that of the ground state |j0i. Then, the

expansion coefficients are approximately computed by

cinm ¼
X
j

0 00; j j nm; jh ii; (16)

in which j labels the angular basis. Actually, the square of cnm

calculated by eqn (16) is almost equal to the corresponding one
by eqn (14). However, one cannot get the sign of cnm by eqn (14).

III. Results and discussion

The numerical parameters employed in the quantum dynamics
calculations are given in Table 1. The expansion coefficients
of interested eigenstates of H2S and H2O on the local mode
wavefunction |nmi are, respectively, listed in Tables 2 and 3,
with which these states can be easily assigned in the local mode
representation. In Table 2, the calculated energies of H2S agree
well with the experimental values. According to the expansion
coefficients, each state can be clearly assigned in the local
mode representation except the (200) state. The state (200) is
expanded as |200i = 0.6995|02i + 0.6995|20i + 0.1277|11i and
thus approximately labeled as |02+i. Table 3 shows that the
calculated energies of H2O are in good consistent with the
experimental values as well. Since the local mode character of

Table 1 Numerical parameters used in the wave packet calculations (atomic units are used unless stated otherwise)

H + H2S H + H2O

Grid/basis range and size: R A [1.2,12.5] R A [1.0,12.5]
r1,r2 A [1.5,7.8] r1,r2 A [1.0,5.5]
N tot

R = 66, Nint
R = 46 N tot

R = 104, Nint
R = 40

N int
r1
¼ 42; Nasy

r1
¼ 5 Nint

r1
¼ 32; Nasy

r1
¼ 5

N int
r2
¼ 24; Nasy

r2
¼ 5 Nint

r2
¼ 32; Nasy

r2
¼ 5

j1max = 68, j2max = 24 j1max = 32, j2max = 32

Initial wave packet: R0 = 10.0, d = 0.3, E0 = 0.65 eV R0 = 8.5, d = 0.35, E0 = 0.45 eV

Absorbing potential: Ra = 10.0, aR = 0.075, nR = 2.5 Ra = 9.0, aR = 0.075, nR = 3.0
r1a = 6.1, ar1

= 0.050, nr1
= 2.0 r1a = 3.1, ar1

= 0.035, nr1
= 2.0

r1a = 4.1, ar1
= 0.050, nr1

= 2.0 r1a = 3.1, ar1
= 0.035, nr1

= 2.0

Flux position: rF
1 = 6.0 rF

1 = 2.6

Propagation time 25 000 12 000

Table 2 Calculated vibrational energies in cm�1 of the excited states of symmetric and antisymmetric stretching modes of H2S and the expansion
coefficients of the corresponding eigenfunctions on the local mode wavefunction |nmi, where n and m denote S–H local-mode quantum numbers

Normal Cal Obsa

Projection

Local|01i |10i |02i |20i |11i |03i |30i |12i |21i

(100) 2615.12 2614.41 0.7060 0.7060 |01+i
(001) 2627.35 2628.46 0.7067 �0.7067 |01�i
(200) 5145.69 5145.12 0.6995 0.6995 0.1277 |02+i
(101) 5147.43 5147.36 0.7057 �0.7057 |02�i
(002) 5242.58 0.9896 |11+i
(300) 7578.54 7576.3 0.7033 0.7033 |03+i
(201) 7578.83 7576.3 0.7037 �0.7037 |03�i
(102) 7754.03 7751.9 0.7029 0.7029 |12+i
(003) 7778.84 7779.2 0.7040 �0.7040 |12�i
a See http://cccbdb.nist.gov.
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H2O is not as strong as that of H2S, some eigenstates are no
longer pure states in the local mode representation. Thus, the
assignments of these states in the local mode representation
are approximate. Interestingly, the state (101) in the normal
mode representation corresponds well to the state |02�i in the
local mode representation.

Fig. 3 shows the calculated integral cross sections (ICSs) of
the abstraction reaction H + H2S - H2 + SH, for which the
symmetric and/or antisymmetric stretching modes of the reac-
tant H2S are excited up to second overtones. The initial states
are assigned in both the normal mode representation and the
local mode representation. The symmetry-adapted local mode
bases for the XY2-like molecules are defined as |nm�i =
2�1/2(|nmi � |nmi), n o m; |nm+i = 2�1/2|nmi, n = m, in which
the first and second quantum numbers n and m denote excita-
tions of the two XY bonds, respectively.46 From Fig. 3, it can be
seen that the ICSs of exciting the state (200) differ visibly from

the state (002) while they are almost identical to those of
exciting the state (101). This behavior is incomprehensible
according to the concerted motions of involving atoms of these
normal modes. In the local mode representation, the three
excited states (200), (101), and (002) are labeled as the states
|02+i, |02�i, and |11+i, respectively. From the viewpoint of the
local mode, both the states |02+i and |02�i can be approxi-
mately considered to be individual two-quanta excitation of
the two SH bonds while the state |11+i to be synergistic one-
quantum excitations of the two SH bonds. Due to the direct
mechanism of the abstraction reaction and the negligible inter-
bond coupling between the two SH bonds of H2S, excitations of
the initial states |02+i and |02�i would promote reasonably the
reaction with equivalent efficacies. The similar reactivities are
also expected for exciting the states |03+i and |03�i, corres-
ponding to the states (300) and (201) in the normal mode
representation. Clearly, the ICSs from the two states |03+i and
|03�i are almost indistinguishable. Furthermore, exciting the
state |12+i gives ICSs resembling the counterparts of exciting
the state |12�i. For the abstraction reaction H + H2O - H2 +
OH, as aforementioned, Fu et al.32 observed that exciting the
state (200) of the reactant H2O promotes the reactivity much
more than exciting the state (002) while its efficiency is compar-
able to that of exciting the state (101). The assignments of the
three initial states of H2O in the local mode representation are
the same as those of H2S and therefore can be used to explain
the observed dynamics behavior.

Fig. 4 shows the calculated ICSs of the exchange channel
H0 + H2S - H0SH + H. Clearly, the ICSs from the state (101) are
nearly indistinguishable from the ICSs from the state (200). The
two states (101) and (200) are assigned in the local mode
representation as |02�i and |02+i, respectively. Similarly, the
initial state |03�i gives ICSs very close to the |03+i. In addition,
the ICSs from |12�i is comparable to the ICSs from |12+i.
The mode specificities in the exchange channel can be well
explained in the local mode representation according to the
strong local mode character as well.

Intramolecular vibrational redistribution (IVR) plays an
important role in molecular reaction dynamics. Chemists
always hope to insert a chemically significant amount of energy
in one bond and keep it there for a chemically relevant time,

Table 3 Calculated vibrational energies in cm�1 of the excited states of symmetric and antisymmetric stretching modes of H2O and the expansion
coefficients of the corresponding eigenfunctions on the local mode wavefunction |nmi, where n and m denote O–H local-mode quantum numbers

Normal Cal Obsa

Projection

Local|01i |10i |02i |20i |11i |03i |30i |12i |21i

(100) 3657.90 3657 0.7047 0.7047 |01+i
(001) 3754.65 3756 0.7055 0.7055 |01�i
(200) 7204.03 7201 0.6359 0.6359 0.4193 |02+i
(101) 7251.32 7250 0.7019 �0.7019 |02�i
(002) 7444.39 7445 0.2967 0.2967 �0.8996 0.2401 0.2401 |11+i
(300) 10605.91 0.6610 0.6610 0.2187 0.2187 |03+i
(201) 10618.77 10 613 0.6857 0.6857 0.1227 0.1227 |03�i
(102) 10872.05 �0.2171 �0.2171 0.6625 0.6625 |12+i
(003) 11033.76 11 032 0.1220 0.1220 0.6858 0.6858 |12�i
a See http://cccbdb.nist.gov.

Fig. 3 Calculated integral cross sections of the abstraction reaction
H + H2S - H2 + SH from the ground, fundamental, first and second
overtones and combination bands of the symmetric and antisymmetric
stretching modes of the reactant H2S. The numbers (n1, n2, n3) in the
normal mode representation denote excitations in the symmetric stretch-
ing mode, the bending mode and the antisymmetric stretching mode. The
numbers (n, m) in the local mode representation refer to excitations in the
two SH bonds.
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so as to manipulate chemical reactivity. Local mode molecules
would be good candidates for realizing chemists’ dream. To
this end, one component in the local mode representation is
extracted from the initial wave packet to propagate, mimicking
individual excitation of one chemical bond. Fig. 5 displays the

calculated reaction probabilities of the abstraction reactions
H + H2S - H2 + SH and H + H2O - H2 + OH. For the sake of
discussion, the reaction probability thereafter is calculated by
cumulating only the reaction flux resulting from the breaking
of the first bond associated with the quantum n in a state |nm+i,
i.e., passing through one transition state. Note that in the figure

‘‘|00i in |00+i’’ means
ffiffiffi
2
p

=2 of the wave function |00+i is taken
to propagate. Impressively, the vibrational energy initially
deposited in one SH bond of H2S is entirely quenched and
therefore excitation of one bond has no visible effect on the
cleavage of the other bond. For the reactant H2O, the local
mode character is slightly weaker than the molecule H2S.
However, the IVR in H2O appears to be much stronger. The
vibrational energy initially deposited in one OH bond can flow
into the other bond to promote the breaking of the bond. In
sharp contrast to the abstraction reaction between H and H2S,
the breaking of one OH bond is significantly enhanced by
exciting the other OH bond in the reactant H2O.

The dynamics of bimolecular chemical reactions is some-
times not uniquely dominated by the intramolecular inter-
action. The intermolecular interaction has been proved to
modulate the reaction in an unpredictable way.2,13,17,62–64 The
abstraction reaction usually has a well-defined barrier and
occurs directly while the exchange reaction often takes place
via a well and becomes indirect and slow. Fig. 6 depicts the

Fig. 4 Calculated integral cross sections of the exchange reaction
H0 + H2S - H0SH + H from the ground, fundamental, first and second
overtones and combination bands of the symmetric and antisymmetric
stretching modes of the reactant H2S.

Fig. 5 Calculated reaction probabilities of the abstraction reactions from
one component of the |00+i, |01+i, |01�i, |02+i, |02�i, |03+i and |03�i
states of the reactants H2S and H2O. (a) H + H2S - H2 + SH; (b) H + H2O
- H2 + OH.

Fig. 6 Calculated reaction probabilities of the exchange reactions from
one component of the |00+i, |01+i, |01�i, |02+i, |02�i, |03+i and |03�i
states of the reactants H2S and H2O. (a) H0 + H2S - H0SH + H; (b) H0 +
H2O - H0OH + H.
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calculated reaction probabilities of the exchange reactions
between H and H2S and H2O from the first component of the
states |00+i, |01+i, |01�i, |02+i, |02�i, |03+i and |03�i. For the
reaction H0 + H2S - H0SH + H, the reaction probabilities from
different states are close to each other at low collision energies,
indicating that exciting one SH bond has negligible effect
on the other SH bond. However, at high collision energies,
the reaction probability decreases with the increase of the
initial quantum number of the reactant H2S. For the reaction
H0 + H2O - H0OH + H, the cleavage of one OH bond is
hindered by exciting the other OH bond at high collision
energies while it is enhanced at low collision energies. Thus,
exciting one SH (OH) bond suppresses the cleavage of the other
SH (OH) bond in H2S (H2O) at relatively high collision energies.
On the other hand, the vibrational energy in one SH bond
cannot flow into the other bond at low collision energies and
yet the vibration energy in one OH bond enhances the breaking
of the other OH bond. In addition, the energy flow between the
two OH bonds is obviously more serious than that between the
two SH bonds in the exchange reactions. By comparison with
what has been observed in the abstraction reaction above,
it implies that there exist competitions between the intra-
molecular interaction and the intermolecular interaction. The
intramolecular interaction generally dominates direct reactions
while the intermolecular interaction plays an important role in
indirect reactions.

A key point of bond-selective chemistry is to look for long-
lived vibrational eigenstates of a single bond. The lifetime of
such vibrational states in real molecules is closely related to
IVR. When a reactant molecule is excited to highly vibrational
state, the vibrational energy starts to transfer among different
modes even though the reaction does not take place. If the
inter-bond coupling is negligible, there would exist a long-lived
vibrational state of a single bond. In this case, each bond
eigenfunction is expected to have independent contribution
to the reaction. Fig. 7 shows the calculated reaction probabi-
lities of the abstraction reactions from the state |02�i. In the
local mode representation, |02�i is approximate to be the sum
of 2�1/2|02i and �2�1/2|20i, in which the two components
mimic the vibrational eigenstates of the two bonds. The prob-
abilities from each component of the eigenfunction |02�i are
plotted in the same figure, together with the sum of them. For
the H + H2S - H2 + SH reaction, the reaction probability from
the state |02�i is almost equal to the sum of the reaction
probabilities from the two components 2�1/2|02i and
�2�1/2|20i over the energy range interested. The feature implies
that the two states |02i and |20i, associated with the two SH
bonds, are independent in the reaction process. Remind of
what has been clarified in Fig. 5 that the vibrational energy
initially deposited in one SH bond cannot flow into the other
SH bond, the two states |02i and |20i are both very good local
mode eigenstates suitable for dynamics studies in the bond-
selective chemistry. For the H + H2O - H2 + OH reaction, the
reaction probability from the state |02�i differs visibly from the
sum from the two components, indicating that the coherence
between the two local mode states |02i and |20i is destroyed in

the reaction. In addition, the |20i state predominates the
abstraction reaction between H and H2S at low collision energies
while it controls the reaction between H and H2O over the whole
energy range.

The reaction probabilities of the exchange reactions, as
shown in Fig. 8, present similar features to the abstraction
reactions. For the reaction H0 + H2S - H0SH + H, the sum of
the reaction probabilities from the two components of the state
|02�i is nearly equal to that from the whole state |02�i
although the conformity is not as good as in the abstraction
reaction H + H2S - H2 + SH in the moderate energy range. For
the reaction H0 + H2O - H0OH + H, the sum of the prob-
abilities from the two components of the state |02�i is visibly
smaller than from the whole state |02�i.

According to the Morse oscillator model proposed by
Watson et al.65 and developed in more detail by Child and
Lawton66 and Mortensen et al.,67 in which a local mode para-
meter is introduced to give an indication of local or normal
mode character, the local mode ranking is H2S 4 H2Se 4
CH2Cl2 4 H2O 4 C2H2 4 D2O 4 C2D2 4 SO2 for XY2-like
molecules, SiH3D 4 CH3D 4 NH3 4 SiHD3 4 CHD3 for XY3-
like molecules and SiH4 4 CH4 4 SiD4 4 CD4 for XY4-like
molecules with H2S, SiH3D and SiH4 very close to the local
mode limit.46 In general, the reactions involving molecules with
strong local mode character favor local mode description while
others prefer normal mode description. The strong local mode

Fig. 7 Calculated reaction probabilities of the abstraction reactions from
the |02�i states of the reactants H2S and H2O. The sum of the
reaction probabilities from each component is also shown for comparison.
(a) H + H2S - H2 + SH; (b) H + H2O - H2 + OH.
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character of the reactant H2S definitely results in the observed
interesting dynamics behavior in the reaction between H and
H2S. In sharp contrast, although the local mode character of
the reactant H2O is slightly weaker than the reactant H2S, the
reaction dynamics between H and H2O differs dramatically
from the reaction between H and H2S. The interbond coupling
is possibly caused by the potential energy coupling, the kinetic
energy coupling or both. For the molecule H2O, the interbond
coupling is roughly equally attributed to the potential energy
term and the kinetic energy term. However, when the two types
of contribution have opposite signs, as in the molecule H2S, the
interbond coupling would be negligible due to the nearly exact
cancellation.46 It may be interesting to explore the effect of the
potential energy coupling and the kinetic energy coupling on
the reaction dynamics separately. Nevertheless, it is beyond the
scope of this work.

IV. Conclusions

The mode-specific dynamics of the reactions between the
hydrogen atom and the molecules H2S and H2O has been
studied using a full-dimensional quantum scattering model.
The (2 + 1) Radau–Jacobi coordinates are adopted to introduce
local mode descriptions of the reactant molecules. The mode
specificities that are difficult to understand in normal mode

representation are well rationalized in the local mode repre-
sentation. There exist competitions between intramolecular
interaction and intermolecular interaction on affecting the
dynamics of bimolecular reactions. For the typical local mode
molecule H2S, the intramolecular vibrational redistribution is
negligible, resulting in no visible energy flow between the two
SH bonds in the direct abstraction reaction between H and H2S.
However, the intermolecular interaction that is expected to be
significant in the exchange reaction leads to notable dynamics
effect at high collision energies. Since the local mode character
of the molecule H2O is not as strong as in the molecule H2S, the
energy flow between the two OH bonds appears to be prevalent
in the reaction between H and H2O.
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13 G. Czakó and J. M. Bowman, Science, 2011, 334, 343–346.
14 J. Yang, D. Zhang, B. Jiang, D. Dai, G. Wu, D. Zhang and

X. Yang, J. Phys. Chem. Lett., 2014, 5, 1790–1794.
15 H. Guo and B. Jiang, Acc. Chem. Res., 2014, 47, 3679–3685.
16 J. Li, B. Jiang, H. Song, J. Ma, B. Zhao, R. Dawes and H. Guo,

J. Phys. Chem. A, 2015, 119, 4667–4687.
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